Abstract-Variations of marine current speed may lead to strong fluctuations in the power extracted by a marine current turbine (MCT). During a short-time period, swell effect is the main cause for the current speed variations. The conventional tip speed ratio maximum power point tracking (MPPT) algorithm will require the MCT to accelerate or to decelerate frequently under swell effect, which can cause severe fluctuations in the generator power. This paper focuses on power smoothing control of the grid-connected MCT system. In the first step, a modified MPPT algorithm with filter strategy is proposed in generator-side control to mitigate the fluctuation of generator power. In the second step, a supercapacitor (SC) energy storage system (ESS) is added to compensate the residual power fluctuations.
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I. INTRODUCTION

I
N RECENT years, various turbine technologies have been developed to capture kinetic energy from marine and tidal currents [1] . It is not surprising that some similar principles in wind generation systems can be applied in marine current turbine (MCT) systems due to the fact that both of them aim to capture energy from one kind of flowing mass. This similarity helps the marine current generation system to develop faster and become more mature than other marine renewable energy systems. However, the turbine blade design, the system dimensions, and power profiles have their special characteristics for MCT [2] - [4] . The main advantage of marine current energy is its high predictability: marine currents are mostly driven by the tide and the astronomic nature of tides makes marine tidal current highly predictable with 98% accuracy for decades. In [21] , flicker evaluations in both steady-state and switching operations for the SeaGen power plant have been well investigated. In this paper, another phenomenon about MCT power fluctuation caused by swell effect will be addressed. Marine tidal current speed can be disturbed by swell phenomenon and the induced variations in current flow speed will cause large power fluctuations in MCT extracted power [5] . Swell refers to long-length ocean waves (often over 150 m) generated from distant storms [6] . Long distance dispersion makes the swell spectrum narrower and the energy more accumulated than local wind-generated waves. Swells are able to prorogate very deep below the sea surface and therefore have a nonnegligible effect on the MCT system.
As a major problem for integrating renewable sources to the grid, power fluctuations lead to poor power quality, higher losses and ratings of electrical components, and would increase the difficulty of power balancing between supply and demand. Energy storage systems (ESSs) are assumed to be a good solution to smooth power fluctuations and provide auxiliary services to the grid [7] , [8] . Battery and supercapacitor (SC) storage are studied in [9] and [10] , respectively, to smooth power fluctuations and to meet the load demand changes for wind turbines. Hybrid battery and SC ESS strategy have been investigated in [11] for reducing battery power rating and improving battery life. In [12] , a solution using SCs for smoothing the power generated from the SEAREV wave energy converter has been presented. Various ESS technologies have been compared and studied in [5] for marine current energy application and the authors have obtained a conclusion that for smoothing swell-induced short-time period power fluctuations in MCT systems, SC technology is most suitable due to its high power and high dynamics characteristics.
In this paper, one 1.5-MW grid-connected MCT generation system is studied (Fig. 1 shows the general system structure [13] ). The swell is modeled by the Stokes model [14] and the JONSWAP spectrum. Then, specific location parameters (sea Fig. 1 . General scheme for a direct-drive MCT system with ESS. depth and turbine installation depth) and sea state are used to calculate the swell-induced marine current speed variations for the given MCT. On the generator-side, a modified MPPT with filter strategy is proposed to maximally use the system inertia for reducing the generator power fluctuation in case of swell effect. On the grid-side, SC ESS is applied to further eliminate the residual power fluctuations and then to inject a smoothed power to the grid. The paper is organized as follows. In Section II, the swell is modeled and swell effect on MCT power fluctuation is calculated. In Section III, the turbine and the generator-side power smoothing control strategy with filter algorithm are described. In Section IV, the grid-side converter control scheme is illustrated and in Section V, the SC control and the simulation results are presented. The conclusion is given in Section VI
II. SWELL EFFECT AND POWER FLUCTUATION
In this paper, the first-order Stokes model is used to calculate horizontal speed oscillations induced by the swell. The total marine current speed is then calculated by the combination of tidal speed and swell effect as follows:
It contains two parts: the first item represents the predicted tidal speed, which can be regarded as a constant during a period less than an hour; the second term represents the current speed oscillation caused by the swell. Fig. 2 shows the main characteristic of one simple swell ( and represent the horizontal and vertical point for the calculation).
More than one frequency component should be considered to model a realistic swell effect. That explains the superposition calculation in the second term of (1). Each swell frequency component is calculated based on the swell spectrum and ocean wave theories;
represents the initial phase angle of each frequency component which is given randomly. Swells are transformed from wind waves through long-distant propagation after their generating area. The process of dispersion (low frequency wave components propagate faster than high frequency wave components) takes place during the swell propagation. Thus, the swell observed at a fixed station has a spectrum restricted to a narrow frequency range. In this paper, the JONSWAP spectrum is chosen as the swell spectrum due to its sharp peak characteristic. The JONSWAP spectrum can be written as follows: (2) where The parameter is called the peak enhancement factor which controls the sharpness of the spectral peak.
is the mean value determined for the North Sea [22] . A larger value can be chosen to reflect the sharp peak characteristic of swell waves [6] . The swell spectrum for engineering applications can be approximated by (2) with the peak enhancement factor being chosen between , depending on the distance that the swell has traveled [6] . In this paper, the peak enhancement factor is chosen as , and the sea state of m, s is considered. This corresponds to typical sea state in the winter for the western coast of Europe [23] . The amplitude of each frequency component can be calculated by . Fig. 3 shows the swell spectrum used in this paper. The peak frequency in the spectrum is about 0.08 Hz. It corresponds to the peak period s. The narrow frequency range and sharp spectral peak illustrates the swell characteristics.
It should be noticed from (1) that the swell effect on marine current speed also depends on the sea depth and the vertical distance between the calculation point and the sea surface. It means that the sea depth and the installation depth of the turbine must be considered to calculate the swell effect on a given MCT system. In this paper, one 1.5-MW MCT system is studied. The turbine dimension and location parameters are chosen based on the industrial project OpenHydro which has been tested by EDF (French Electricity) off the coast of Paimpol-Bréhat (France) in 2011. The turbine radius is 8 m and the system is supposed to be located at a sea depth of 35 m as shown in Fig. 4 . The equivalent marine current speed for this turbine can be calculated at a depth of 22 m below the sea surface. Fig. 5 shows the simulation waveform of total marine current speed under the swell effect (the tidal speed is assumed as 2m/s in the simulation). Fig. 6 shows the estimated produced power of the MCT operating at the current speed shown in Fig. 5 . It can be seen that the swell effect can induce large oscillations in the marine current speed for the given depth, and these marine current speed oscillations can cause very high fluctuations in the power harnessed by the MCT.
One of the challenges of connecting the marine current generation system to the power grid is to obtain a stable and smoothed power even under swell disturbances. curve of the MCT.
III. MCT AND GENERATOR CONTROL
A. MCT Model
The power harnessed by a horizontal-axis MCT can be calculated by the following equation:
In (3), the turbine power coefficient depends on the turbine blade structure and its hydrodynamics. For typical MCTs, the optimal value for normal operation is estimated to be in the range of 0.35-0.5 [2] . For a given turbine and based on the experimental results, the curve can be numerically approximated as a function of the tip speed ratio and the blade pitch angle [15] . In this paper, the MCT is with nonpitchable blades. The curve for simulations is shown in Fig. 7 [2]- [4] .
Extractable powers of the MCT at different marine current speeds are calculated based on (3) and illustrated by Fig. 8 . The turbine maximum rotational speed to follow MPPT is 25 rpm (2.62 rad/s) for a marine current of 3.2 m/s. If the marine current exceeds 3.2 m/s, the extracted power will be limited to 1.5 MW. In this figure, the red dotted curve is the conventional MPPT curve, and the green dashed ellipse shows the proposed modified MPPT with filter strategy to avoid fast acceleration/deceleration of the system for decreasing the generator power fluctuation.
B. Marine Current Generator Model
The advantages of PMSG are compact structure, high efficiency, and the possibility to eliminate the gearbox. These characteristics lead to low maintenance requirement and enable the PMSG to be very favorable in underwater applications. Recent industrial tidal current projects have adopted the PMSG as the generator type in the MCT system, for instance, the OpenHydro turbine system (proposed by French Electricity) and the Clean Current project (proposed by Alstom).
The PMSG dynamic model can be written in the synchronous rotation frame. Equation (4) shows the Park transform used in the generator-side part. The -axis is oriented to the rotor flux axis and is the electrical angle between stator phase and the -axis:
(4) The PMSG model in the frame can be described by the following equations ( in this paper):
C. Modified MPPT in Generator-Side Control
The control of the generator aims to track the reference rotor speed to achieve the expected power extracted by the MCT. The rotor speed is controlled by the generator torque, which is controlled by the -axis current through the generator-side converter. Fig. 9 shows the control scheme for the generator-side converter. The -axis current reference is set to zero for maximizing the active power in the generator. The -axis current reference is calculated by the speed loop controller.
MPPT consists of controlling the rotor speed to keep the turbine tip speed ratio at its optimal value, thus keeping the turbine power coefficient at the maximum value. Supposing that the curve is known and the marine current speed can be obtained by flow velocity measurements, the turbine speed reference calculated by the conventional speed-based MPPT can be expressed as . In this paper, a low pass filter is added to modify the rotor speed reference calculated by the conventional MPPT algorithm in case of swell effect. The proposed strategy generates the speed reference as (6) where the is the filter time constant and plays a significant role in reducing the generator power fluctuation caused by swell disturbances. Setting to zero leads (6) to the conventional MPPT algorithm.
With the conventional MPPT, the generator power will fluctuate more severely than the turbine power under swell effect. This can be explained as follows. When we neglect the friction losses in the torque equation in (5), we can get (7) (8) Equation (8) can be can be rewritten as (9) where the difference between the turbine and the generator power is . The power difference mainly depends on the system inertia and the rotor speed change rate for a low speed MCT system with large inertia. Since the system inertia is a constant, becomes a decisive factor for the value of . When the marine current speed is constant or changes very slowly, can be zero or very small for there are no significant changes in the generator rotational speed. This explains why and are almost equal at steady-state. When the marine current speed changes rapidly under swell effect, the turbine rotor speed will have a synchronous change rate by the conventional MPPT control; is then not negligible. During the acceleration, is positive and this means some of the turbine power will be stored by the system inertia and the remaining power will pass to the generator. This causes the generator power to be smaller than the turbine power. In the extreme cases, the required power difference can be larger than . This could lead the generator to absorb power as in motor operation.
During the deceleration, is negative which means that the system inertia will release some mechanical power and this part of power will combine with the turbine power to contribute to the generator power. This makes the generator power larger than the turbine power. Considering a system of very large inertia kg m , can be very large. The above analyses are confirmed by the simulation results shown in Figs. 10 and 11 .
In this simulation, we suppose the marine current speed starts at 0 m/s and rises to 2 m/s in the first 10 s; the swell effect is considered after 20 s. Although this is not very realistic for real marine current, it enables us to study the starting stage, constant marine current stage, and the fluctuating marine current stage (under swell effect) in one simulation. In the starting stage, it is reasonable to accelerate the generator and turbine to a certain speed for realizing the MPPT quickly. Therefore at the beginning, the generator power can be negative which means that the generator works as a motor temporarily for fast acceleration. In steady-state, and are almost equal. Under swell effect, fluctuates more severely than . By adding a low pass filter as shown in (6), can be reduced; and the acceleration and deceleration moments of the rotor can controlled to desynchronize with the turbine power change. This means that the system inertia can be used to reduce the generator power fluctuation. Fig. 12 shows the generator power profiles with different filter time constants. Fig. 13 illustrates the system performances based on the simulation results from Fig. 12 . In Fig. 13 , "Generator Power Fluctuation" is calculated by the difference between the maximum and the minimum values of the generator power under swell effect (10) The energies produced by the turbine and the generator are calculated by integrating the turbine and the generator power, respectively, (11) (12) When the filter constant is , it means there is no filter and this is the conventional MPPT case. From Figs. 12 and 13, it can be seen that, by adding the filter strategy, the generator power fluctuation is greatly reduced at a cost of slight energy losses. The energy reduction is due to the deviation from the conventional MPPT points. When the filter time constant is chosen to be very large, the generator speed reference will have negligible changes and that will lead the system to operate as a fixed-speed turbine. In order to obtain the smallest fluctuations in the generator power, the optimal filter time constant is chosen as 7 s which equals about half of the typical swell period in the simulation. Using this optimized filter time , the generator power fluctuation is reduced by 68% with a reduction of 7.5% in generator-produced energy compared to the no filter case (Fig. 13) . Fig. 14 shows the turbine and the generator power profiles using the optimized filter. Compared to the conventional MPPT power profiles shown in Fig. 11 , the generator power fluctuation is greatly reduced while the turbine harnessed power is not reduced much.
D. Comparison of the Proposed MPPT With Torque-Based MPPT
The proposed MPPT is a modified tip-speed ratio MPPT. The marine current speed is supposed to be measured by flow-meters. The generator power fluctuation can be greatly reduced by filtering the current speed in the proposed MPPT. A torque reference MPPT control strategy [16] , [17] is assumed to have a similar effect in reducing the generator power fluctuations. The torque reference MPPT (also called optimal torque control) calculates the reference torque as
This strategy does not require measuring the marine current speed. The reference torque is proportional to the square of the rotor speed and thus the generator output power will be proportional to the cubic of the rotor speed. Since the rotor speed variation is relatively low, the generator power fluctuation will be smaller than with the conventional tip-speed ratio MPPT. However, the response of the torque reference MPPT is relatively slow due to the fact that marine current speed changes are not directly reflected in the reference. Fig. 15 compares the generator power simulation results with different MPPT strategies. It shows that both proposed MPPT and torque-based MPPT enable us to greatly reduce the generator power fluctuation under swell disturbance. For the torquebased MPPT, there is no negative power at the starting stage and it shows the relatively long response time for the turbine to operate at the maximum power points. In some cases, this could be considered as an advantage. Indeed, a slower response can lead to reduced mechanical stress and overall cost reduction. At the swell effect stage, the torque MPPT has a similar power fluctuation reduction performance with the proposed MPPT using the filter algorithm. Fig. 16 compares the generator energy production using different MPPT strategies. In this figure, we focus on the swell effect stage. The energy is, therefore, calculated by integrating the generator power after 20 s. From Figs. 15 and 16 , it can be seen that although the conventional tip-speed ratio MPPT leads to a very high generator power fluctuation, it produces highest energy due to the fast achievement of the maximum power points. There is no significant difference between the proposed MPPT and the torque-based MPPT at the swell effect stage.
IV. GRID-SIDE CONVERTER CONTROL
The circuit and the control scheme of the grid-connection part are shown in Fig. 17 . The main function of the grid-side converter is to keep the dc bus voltage stable and to regulate the active and reactive power injected to the grid.
The dynamic model for the grid-connection part in frame can be written as (14) Fig. 18 . SC and the bidirectional dc/dc converter.
For the grid part, the -axis is oriented to the grid voltage vector, and the grid active power is controlled by the -axis current. The -axis current reference is set to zero when there is no grid reactive power requirement. The outside dc bus voltage loop is to keep the dc bus voltage at a given value and to produce the current reference for -axis.
V. SUPERCAPACITOR FOR GRID POWER SMOOTHING
A. Supercapacitor Model and Control
The SC is connected to the dc bus with a bidirectional current dc/dc converter (so-called buck-boost chopper). Fig. 18 shows the main structure of the SC part: the SC is modeled by a large capacitor in series with a small resistance ; is the buffer inductor; and are the duty ratios for the two switches of the bidirectional dc/dc converter. If the converter losses are neglected, the power in the SC can be expressed as follows: (15) In this paper, the SC aims to compensate the power difference between the generator power and the grid target power. As the average tidal speed is predictable, the expected grid target power can be estimated based on the tidal speed. The SC is then controlled to absorb the difference between the generator produced power and the expected smoothed power transferred to the grid. Based on the buck-boost control [18] , [19] , the SC voltage can be controlled as (16) The state of charge (SoC) of the SC is calculated by (17) From (16) and (17), the control signal (duty ratio) can be deduced as (18) Fig. 19 shows the duty ratio control scheme for the SC. When , the duty ratio will rise to increase the SC voltage and make the SC absorb the power from the dc bus. When , the SC voltage will decrease to make SC release the stored power.
is the current reference representing the smoothed dc current which is expected to be transmitted to the grid-side converter. This grid target reference can be calculated from the predicted tidal current speed when there is no swell, and from filtering the generator power in case of swell disturbance. In Fig. 19 , the output value of the PI controller is proportional to the charge or discharge energy requirement. This value is unified by and then the function is used to transfer the range from to . In this way, the charge/discharge energy requirement is transferred to the SoC requirement. With a low SoC limitation of 0.2 in the SoC reference, the actual SoC variation range will be controlled in . The required energy capacity of the SC ESS can be calculated based on the estimated MCT power profiles (Fig. 6) . Based on the analysis in [24] , the SC energy requirement in our case is estimated about 1.5 kWh with a power rating of 700 kW. Although the energy rating is small, the power rating is large in this case. This is the reason why the SC is chosen as the ESS type instead of batteries: SCs have lower energy capacity but much higher power density than batteries. Therefore, the SCs are more suitable as power smoothing devices for compensating the swell effect. This value is estimated to damp power fluctuations even under conventional tip-speed ratio MPPT. This paper first intends to assess the SC storage technology for compensating swell-induced power fluctuations. The SC minimization is therefore not undertaken.
Actually, several SC cells should be used to make up an SC bank to meet such a requirement. Therefore, in the SC model shown in Fig. 18 , and refer, respectively, to the equivalent capacitance and equivalent resistance of the SC bank (the SC for short). The parameters of and depend on the energy requirement and voltage setting of the SC, and also depend on the SC cell parameters. In the following, the details of the SC sizing are carried out.
The usable energy capacity of the SC can be written as follows: (19) For the MCT system studied in this paper, the dc bus voltage is set to 1500 V, and the rated voltage (maximum voltage) of the SC ESS is set to 750 V. The SoC range is set from 0.2 to 1 (as shown in Fig. 19 To meet the energy capacity requirement of 1.5 kWh, three series SC branches described in (20) are needed. Therefore. the can be decided. Then, the parameters of the SC model in Fig. 18 can be calculated as (21) . It results that the SC will have a usable energy capacity of 1.97 kWh which is higher than the original requirement of 1.5 kWh.
This over-sizing can serve as a margin in case of (21) higher tidal speed or stronger sea state. MPPT is used, the SoC variation will be in the range from 0.37 to 0.8. This variation is reduced to a range from 0.48 to 0.65 when the proposed MPPT is applied. The reason is that the generator power fluctuations are alleviated in the first stage by the proposed MPPT. Therefore, it implies that the proposed MPPT is able to reduce the SC burden. It also implies that, the proposed MPPT enables a reduction of 26% in the required energy capacity of the SC ESS compared to the conventional MPPT case. Fig. 24 illustrates the powers in different parts of the system. The active grid power is shown in this figure since the grid reactive power is controlled to zero by the grid-side converter. Fig. 25 shows the energy produced by the turbine, by the generator and the energy transmitted into the grid. It shows that 96% of the turbine energy is transferred by the generator, and that about 93% of the turbine energy is injected into the grid. It means that the energy captured by the turbine is efficiently transmitted to the grid without being deteriorated by the proposed power smoothing control strategy and extra SC ESS.
B. Sizing, Cost, and Layout Issues of the ESS
The sizing of the SC ESS seems a little large in this paper. However, this sizing is quite reasonable considering the dimension and the cost of a large MCT with a power rating around 1.5 MW. Large MCTs are under initial development and the market prices are still unavailable at this moment. Based on the ESS cost study in [24] and information about the OpenHydro project [25] , the SC in this paper will only result a very fractional increase (less than 0.3%) for the MCT system in terms of mass, volume, and cost. Another point that should be noticed is that, in this paper, the tidal speed (without swell) is set to be 2 m/s and a moderate sea state of m, s is used for calculating the swell effect. For higher tidal speed or with a stronger sea state ( may reach 5-6 m ), the power fluctuations would have a larger magnitude than that shown in this paper. Therefore, enough margins should be considered in sizing the ESS.
It should also be mentioned that there will be small energy losses with extra ESSs; however, the ESSs enable the MCT more easily to be integrated to the power grid since the output power of the combined system becomes more predictable, controllable, and less fluctuant. Another benefit of using ESS is the possibility of providing auxiliary grid services (e.g., frequency regulation, low voltage ride through ability).
The SC ESS presented in this paper is supposed to be used for one single MCT. Another possible layout of the ESS is to use a centralized ESS system for marine farms. Relative studies in wind turbines [26] , [27] shows that compared to distributed ESS configuration, centralized ESS can have relatively smaller total power ratings due to the farm smoothing effect but requires larger converter ratings. In MCT cases, the farm smoothing effect may be affected by the topology of the turbine farm, the swell direction, and wavelength. It is really hard to have a final conclusion about which configuration is definitely better than the other. At this stage, both configurations seem feasible for MCTs.
VI. CONCLUSION
Swells have nonnegligible influences on the MCT generation system. A speed-based MPPT algorithm could cause severe generator power fluctuations in case of swell disturbance. In this paper, the swell effect is modeled based on the sea state and the MCT location parameters. The carried-out simulations show that the tip-speed ratio MPPT may cause severe power fluctuations in the generator power. A modified MPPT with filter strategy has been proposed utilizing the system inertia to reduce the generator power fluctuation as the first step of power smoothing control. The effectiveness of the proposed MPPT strategy is confirmed by comparing it to the tip-speed ratio MPPT and the torque-based MPPT. Simulation results have shown that the proposed MPPT and the torque-based MPPT lead to similar power fluctuation-reduction performance. The achieved results have shown the ability of the proposed MPPT to greatly reduce the generator power fluctuations with the optimized filter. It should also be mentioned that, for some MCTs with much flatter curves, the power fluctuation can be less severe than that dealt with in this study. The second step of power smoothing control is by integrating SCs as the ESS to compensate the remaining generator power fluctuations. The sizing of the SC is calculated by energy requirement and voltage settings. The duty ratio of the SC is controlled through the charge and discharge requirements to achieve a smoothed grid target power. Simulation results have shown the effectiveness of the joint operation of the proposed MPPT and the SC. APPENDIX   TABLE I  SYSTEM PARAMETER LIST   TABLE II  PI CONTROLLER PARAMETERS 
